The effect of anodic surface treatment on the polyacrylonitrile (PAN)-based carbon fibers surface properties and the mechanical behavior of the resulting carbon fiber-polymer composites has been studied in terms of the contact angle measurements of fibers and the fracture toughness of composites. Results from contact angle measurements revealed that the angle of electrolyte solution largely decreases with increasing current densities of treatments up to 0.4-0.5 A m -2 . The results obtained from the evolution of K IC with flexure of the composites as a function of electric current density shown that the K IC of the composite continually increases with increased current densities of the treatments up to 0.5 A m -2 , and a maximum strength value is found about 294 MPa cm 1/2 at the anodic treatment of 0.5 A m -2 . It can be concluded that the anodic surface treatment is largely influenced in the fiber surface nature and the mechanical interfacial properties between the carbon fiber and epoxy resin matrix of the resulting composites, i.e., the fracture toughness. We suggest that good wetting plays an important role in improving the degree of adhesion at interfaces between fibers and matrices of the resulting composites.
Introduction
Polyacrylonitrile (PAN)-based carbon fibers are currently being applied as the reinforcement in both thermoset and thermoplastic matrix composites because of their extremely high strength and modulus along with their high temperature resistance [1] . However, when applied without previous surface treatment, these fibers produce composites with low interlaminar shear strength (ILSS). It is also well known that the interfacial adhesion between carbon fibers and matrix in a composite system is too poor to ensure good mechanical performance [1] . The interfacial bond between the carbon filaments and the resin matrix can be enhanced by enlarging the surface area, which provides more points of contact/anchorage between the fiber and the matrix, or by enhancing the physicochemical interaction between the components [1] . Furthermore, the degree of adhesion at interfaces is vital to the strength and durability of the composites formed from these materials [1] . Interfacial adhesion cannot be achieved without intimate contact, i.e., unless the fiber surface contacts the resin at an intermolecular equilibrium distance level. In addition, suitable wetting of the fibers by the liquid polymeric matrix should occur because of the nature of the fiber and liquid polymeric surfaces, especially the hydrophobic-hydrophilic properties or the London dispersivespecific (polar) components of surface free energy [2] . In general, surface-untreated carbon fibers have a surface tension close to 40 mJ m -2 with an extremely hydrophobic nature due to their extremely high-temperature manufacturing process of carbonization (heat treatment at 700-1500ºC) or graphitization (above 2500ºC). On the other hand, most polymeric matrix resins used, such as epoxy resin, have slightly hydrophilic properties with surface tension in the range of 35-45 mJ m -2 [2] . Therefore, the carbon fibers are inevitably given a number of surface treatments to modify their surface nature or to improve their surface free energy for suitable wetting in a composite system [3] .
The objective of the present work is to study the effect of anodic surface treatments on the PANbased carbon fibers surface properties and the mechanical behavior of the carbon fiber-polymer composite system in terms of the contact angle measurements of fibers and the fracture toughness of composites.
Experimental

Materials and Surface Treatment
The carbon fibers used in this experiment were untreated and unsized Polyacrylonitrile (PAN)based type, with 12000 filaments per tow, manufactured by Tenax Fibers GmbH Co. The average diameter of these carbon fibers was approximately 7µm, and typical tensile modulus was about 235 GPa, respectively. Electrochemical anodic surface treatments of carbon fibers were conducted using the home-built laboratory pilot-scale apparatus, to introduce the functional groups and to improve the degree of adhesion at interfaces between fibers and matrix. The home-built laboratory pilot plant is schematically illustrated in Fig. 1 . The length of the electrolytic treatment bath was 0.150 m. The electrolyte used was 5 wt% phosphoric acid solution with a constant oxidation rate (0.5 m min -1 ). The electric current densities used in this work were 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 and 1.2 A m -2 . After anodic oxidation, the anodized carbon fibers were washed with freshly distilled water and then rinsed with acetone in a Soxhlet extractor for 1 h to remove surface impurities or residual oxides. The epoxy resin used in this study was a high purity bisphenol-A diglycidylether (BADGE, D.E.R. 332 supplied by Dow Chemical Company). The epoxide equivalent weight was 171-175 g eq -1 , and the density and viscosity were 1.16 g cm -3 and 4000-6000 mPa.s at 25ºC, respectively. Diaminodiphenylmethane (DDM, supplied by Aldrich Chemical Company) was selected as a hardener for the curing and methyl ethyl ketone was used to reduce the high viscosity of BADGE. The composites made of 30 piles of resin-impregnated unidirectional carbon fibers were prepared in a hot press at 6 MPa and 140ºC for 2 h with a vacuum bagging method [4] . The fiber volume fraction of bulk specimens was about 50% (±0.3%) for all composites.
Contact Angle Measurements
Contact angle measurements of carbon fibers were performed using the Krüss Processor Tensiometer K12 with fiber apparatus. A scheme of the experimental setup is illustrated in Fig. 2 . In this experiment, about 1 g of carbon fibers was packed into an apparatus and then mounted indirectly on the measuring arm of the microbalance. The packing factor of the fibers was measured for each continuous filament by measuring the increase in weight per unit time at zero depth of immersion of a completely wetting liquid. The test wetting liquids used for contact angle measurements were deionized water, and diiodomethane [2] .
Fracture Toughness Tests
The critical stress intensity factor (K C ), which is one of the fracture toughness parameters, was described by the state of stress in the vicinity of the tip of a crack as a function of the specimen geometry, the crack geometry, and the applied load [5] . The analytical expression for K IC (K C in mode I fracture) was characterized using a single edge notched SEN [6] beam fracture toughness test in 90º three-point bending flexure, as shown schematically in Fig. 3 . The SEN beam fracture toughness test was conducted on an Instron Model 1125 mechanical tester according to the ASTM E 399. A span-to-depth ratio of 4:1 and cross-head speed of 1 mm min -1 were used. 
Results and Discussion
Contact Angle Table 1 shows contact angle data of carbon fibers with and without anodic surface treatments. As a result, it can be seen that the angles of both water and Diiodomethane largely decrease with increasing current densities of treatments up to 0.4-0.5 A m -2 . This result suggests that anodic oxidation leads to a change in fiber surface nature, such as hydrophobic-hydrophilic properties. Fracture Toughness As mentioned above, fracture toughness is a critical property needed to resist crack propagation loaded from matrix to fiber, which ought to be considered in the evaluation of a composite material for a real application. For a rectangular cross section of the composites, the fracture toughness of the composites can be measured by the three-point bending test for the critical stress intensity factor (K IC ). For the SEN beam fracture toughness test, the value of K IC is calculated as [6] : where P is the rupture force, L is the span between the supports, Y is the geometric factor described in ASTM E 399, and b and d are the specimen width and thickness, respectively. Fig. 4 shows the evolution of K IC with flexure of the composites as a function of electric current density. In the K IC fracture toughness test, the K IC of the composite continually increases with increased current densities of the treatments up to 0.5 A m -2 , and a maximum strength value is found about 294 MPa cm 1/2 . It is assumed that additional energy needed to extend the interfacial crack under this condition is attributed to increased interfacial adhesion between fibers and matrix. 
Conclusion
The results from contact angle measurements of the PAN-based fibers treated by anodic oxidation revealed that the angle of electrolyte solution largely decreases with increasing current densities of treatments up to 0.4-0.5 A m -2 . It can be concluded that anodic treatment leads to a change in fiber surface nature, such as hydrophobic-hydrophilic properties. The results obtained from the evolution of K IC with flexure of the composites as a function of electric current density revealed that the K IC of the composite continually increases with increased current densities of the treatments up to its moderate value of 0.5 A m -2 , and a maximum strength value is found about 294 MPa cm 1/2 at the anodic treatment of 0.5 A m -2 . However, no significant improvement in the fracture toughness results from strong anodic treatment of carbon fibers. It can be concluded that the anodic surface treatment largely influenced the fiber surface and the mechanical interfacial properties between the carbon fiber and epoxy resin matrix of the resulting composites, i.e., the fracture toughness.
